Toluene diisocyanate (TDI) is a chemically reactive low-molecular-weight compound widely used in industries as a polymerizing agent in the production of polyurethanes. TDI has been reported as one of the most important causes of occupational asthma 1) . Clinical investigations have shown that asthma is an inflammatory disorder of the airways and is referred to as chronic eosiniopilic bronchitis 2, 3) . Evidence has shown that activation of selected T cells with subsequent eosinophil recruitment and secretion of eosinophil-derived mediators may contribute to both epithelial cell damage and airway hyperresponsiveness 4) . Our previous study showed that a 5-day exposure to 1.35 ppm TDI vapor resulted in airway inflammatory responses characterized by marked infiltration of eosinophils in central and peripheral airways of an asthmatic mouse model 5) , but the infiltration of eosinophils in the airways of animals exposed to different concentrations of TDI in different time courses is unknown. To address this problem, in the present study, mice were exposed to three doses of TDI, and the infiltration of eosinophils was determined at three different stages of exposure under each respective concentration.
Materials and Methods
Ten-week-old specific pathogen free female BALB/c mice were used for the experiment. Animal care was in accordance with the guidelines of the Policy on Animal Care and Use of the University of the Ryukyus. All the mice were given free access to food and water during the experiment period. They were exposed to 2, 4-toluene diisocyanate (TDI, Wako Pure Chemical Industries, Ltd., Japan) vapor, 4 h per day for 5 consecutive days in a glass chamber. TDI vapor was generated and its concentrations were determined as previously described 5) . Three TDI concentrations of 0.34 ± 0.04, 0.86 ± 0.07 and 1.38 ± 0.02 ppm were used to sensitize the animals.
Twenty-four h before TDI exposure, and 24 h after the 1st, 3rd and 5th day's exposure, bronchoalveolar lavage (BAL) was performed by using a previously described method 5) . The total cells and the differential cell counts from bronchoalveolar lavage fluid were determined as previously described 5) . The cells were classified as macrophages, lymphocytes, neutrophils and eosinophils. The percentage of each cell type was assessed by a differential count of 300 cells, and the numbers of each cell type were calculated by multiplying total nucleated cells by the differential percentages of that cell type.
After BAL, the lungs were removed and suspended in 3 ml of 0.5% hexadecyltrimethylammonium bromide in 50 mM potassium phosphate buffer, pH 6.0 and then homogenized on ice. The homogenate was then centrifuged at 400 g for 30 min. The pellet was resuspended in 4 ml of the same buffer, and freeze-thawed three times. Levels of eosinophil peroxidase (EPO) activity in the pellets from lung cells were determined as described by Strath et al 6) and Cheng et al 7) . Briefly, 100 µl of the substract solution containing 0.1 mM ophenylene diamine dihydrochloride, 0.1 % Triton X-100 and 1 mM hydrogen peroxide in 0.05 M TRIS-HCl were added to 100 µl of sample in microtiter plates and incubated at 37°C for 30 min. 50 µl of 4 M sulfuric acid was then added to stop the reaction, and the optical densities were read in a microtiter autoreader at 490 nm. This method has been reported to be specific for the peroxidase activity of eosinophils but not of neutrophils 6) . To investigate the pathological changes in the airways of mice exposed to TDI, additional groups of mice were exposed to TDI with the same protocol as mentioned above. Twenty-four h before TDI exposure, and 24 h after the 1st, 3rd and 5th day's exposure, the tracheas and lungs were removed and fixed in buffered formalin. After being dehydrated through a series of ethanol solutions, the tissues were embedded in paraffin and stained with hematoxylin-eosin for histological assessment.
The data on BAL cellular contents and EPO activity were logarithmically transformed, and then analyzed by repeated measures ANOVA. Post-hoc testing with appropriate corrections for multiple comparisons was performed with Dunnett's multiple range test. All comparisons were two-tailed. Probability values of p<0.05 were accepted as significant. Table 1 , when the mice were exposed to 0.34 ppm TDI, at 24 h after the 1st day's exposure, the numbers of total cells as well as the numbers of each leucocyte were slightly enhanced, but this was not significantly different from those of the pre-exposure mice. Nevertheless, the analysis with repeated measures ANOVA followed by post-hoc comparison demonstrated that at 24 h after three consecutive days' exposure, the numbers of eosinophils and neutrophils were significantly increased 3.6 (p=0) and 2.1 times (p=0.037), respectively. Moreover, a five-day exposure resulted in a 4-fold (p=0) and 2.9-fold (p=0.001) increase in eosinophil and neutrophil counts, respectively, and in a significant increase in macrophages (p=0.002) and total cell counts (p=0.006) as well.
Results

As shown in
When the mice were exposed to 0.86 ppm TDI, the 1st day's exposure did not result in any significant increase in the numbers of total cells or the number of each different type of cell, but a three-day exposure caused a 4.2 (p=0) and 2.6-time (p=0.002) increase in eosinophil and neutrophil counts, respectively, and a significant increase in macrophages (p=0.005) and total cell counts (p=0.009) as well. After 5 days of exposure, eosinophils and neutrophils were further increased 6.2 (p=0) and 4.3 fold (p=0), respectively.
In contrast to 0.34 and 0.86 ppm TDI, 1.38 ppm TDI resulted in a 3.1 (p=0.001) and 2-time (p=0.028) increase in eosinophil and neutrophil counts respectively after the 1st day exposure. A three-day exposure not only resulted in a 7.7 (p=0) and 4.3 (p=0) time increase, respectively, of these two leucotyes, but also caused a significant increase in macrophages (p=0), lymphocytes (p=0) and total cell numbers (p=0). Furthermore, eosinophils and 3rd day  2  2  1  2  3  1  2  2  2  5th day  3  3  2  3  4  2  3  4  3 Values are expressed as 0-4 degrees. Degrees of pathological changes were: 0, none; 1, very slight; 2, slight; 3, moderate to severe; 4, severe. Each group had 4 mice. neutrophils were increased 9.1 (p=0) and 4.5 fold (p=0), respectively, after five days' exposure. In order to further investigate the infiltration of eosinophils, EPO activity was determined in the lung tissue of mice. In those exposed to 0.34 ppm TDI, although EPO was enhanced after 3 and 5 days' exposure, it was not significantly different from that in the preexposure mice (p=0.73 and p=0.36, respectively, for post 3 and 5 days' exposure compare to pre-exposure). In mice exposed to 0.86 ppm TDI, EPO activity was significantly increased only after a five-day exposure (p=0.005), but EPO was significantly increased from postthree days' exposure when mice were exposed to 1.38 ppm TDI (p=0.001).
As shown in Table 2 , the histopathological examination reveled that eosinophil infiltration was present not only in central airways, but also in peripheral airways of the exposed mice. A few neutrophil accumulations were also observed in the airways of exposed mice. In contrast, eosinophil infiltration was present earlier, was more prominent and showed a tendency to increase with the exposure doses. In addition to eosinophil infiltration, goblet metaplasia, epithelial damage, exudate and interstitium edema were also observed in the airways of exposed mice, but no major airway pathological changes were found in pre-exposed mice.
Discussion
This study was performed to investigate the infiltration of inflammatory cells, in particular, the infiltration of eosinophils in TDI-exposed animals by analyzing BAL cellular contents, EPO activity and histopathological changes. In our previous study, mice were exposed to 1.35 ppm of TDI for five consecutive days, resulting in a significant increase in total cell and each leucocyte count in the airways, particularly in a dramatic increase in eosinophils after five days' exposure 5) . Nevertheless, infiltration of eosinophils at an early stage of exposure and whether the exposure concentration affected eosinophil influx were not elucidated. Since the eosinophil is a hallmark of asthma, the necessity to better understand the dynamics of eosinophil infiltration prompted us to carry out the present experiment.
It has been reported that the TDI exposure protocol, as well as the exposure concentration, is important for the establishment of sensitivity in an animal model 8) . In an asthmatic guinea pig exposed to TDI 3 h per day for 5 consecutive days, pulmonary sensitivity was not detected in animals exposed to 0.12 ppm TDI but was present in animals exposed to TDI concentrations of 0.36 ppm or greater, but exposure concentrations higher than 2 ppm were pneumotoxic and resulted in few pulmonary hypersensitivity reactions 8) . Because 1.35 ppm TDI has been successfully used to noticeably induce eosinophil influx in our previous study 5) and was considered as a high concentration for sensitization of animals, we applied a similar concentration, 1.38 ppm TDI, as a high exposure dose in the present study. As a comparison, two more TDI concentrations of 0.86 ppm and 0.34 ppm were applied as medium and low doses to sensitize the mice since they had been confirmed to induce respiratory responses in mice in a preliminary experiment (data not shown).
In this study, bronchoalveolar lavage (BAL) cellular analysis was applied because it is a recognized valuable technique for assessing the inflammatory and immune effector cells present in the lungs of patients with various airway diseases 9, 10) . It has been reported that the total and differential cell counts are the most commonly used parameters in the assessment of inflammatory response and correlation with disease stage, prognosis and response to therapy 10, 11) . The analysis of BAL cellular contents in this study demonstrated that generally, total cells and differential leucocytes such as macrophages, neutrophils and eosinophils were increased with the enhancement of TDI concentrations, and eosinophils and neutrophils in particular were prominently increased in the early stage of the exposure period. Compared to the other three leuocytes (macrophages, lymphocytes and neutrophils), eosinophils had the greatest increase after the exposure, and this increase was correlated with the increase in TDI exposure (TDI concentration (ppm) × exposure time (h)); moreover, eosinophil influx occurred earlier when the exposure concentration was higher. Histopathological examination further confirmed that eosinophil infiltration was prominent and increased with the increase in exposure doses. Although EPO activity did not parallel the eosinophil counts in our experiment, generally it showed that EPO tended to increase along with the increase in TDI exposure. Taken together, these data indicated that eosinophil influx resulting from TDI exposure was dependent on the exposure concentration.
It has been reported that airway inflammation plays an important role in the pathogenesis of asthma, and eosinophil infiltration of the bronchial mucosa is known to be the most striking histopathologic feature of asthma 2) . The asthmatic guinea pig models performed by other researchers 12, 13) and our previous mouse model induced by TDI showed that eosinophils accumulated not only in the central airways, but also in peripheral airways of animals after TDI exposure 5) . Eosinophils are potent proinflammatory cells which release toxic granule proteins, and generate lipid mediators such as plateletactivating factor and leukotriene C4. Eosinophils also participate in antibody dependent cytotoxicity responses, and are therefore capable of degrading the pulmonary connective tissue matrix and of injuring lung cells through specific cytotoxic actions 2, 3) . One report also indicated that eosinophils participate within cell networks as immunomodulatory cells responding to cytokines and producing cytokines themselves 14) . A strong correlation has been reported between accumulation of eosinophils and respiratory inflammation which play an important role in the pathogenesis of asthma 15) . It has been indicated that TDI-induced immunologic response is concentration dependent 8) . Although immune reactions were not determined in the present study, the results of a correlation between the TDI concentration and eosinophil influx further circumstantiated that eosinophils play a significant role in TDI induced occupational asthma.
